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Abstract
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Achilles tendons are a common source of pain and injury, and their pathology may originate from
aberrant structure function relationships. Small leucine rich proteoglycans (SLRPs) influence
mechanical and structural properties in a tendon-specific manner. However, their roles in the
Achilles tendon have not been defined. The objective of this study was to evaluate the mechanical
and structural differences observed in mouse Achilles tendons lacking class I SLRPs; either
decorin or biglycan. In addition, empirical modeling techniques based on mechanical and imagebased measures were employed. Achilles tendons from decorin-null (Dcn−/−) and biglycan-null
(Bgn−/−) C57BL/6 female mice (N=102) were used. Each tendon underwent a dynamic mechanical
testing protocol including simultaneous polarized light image capture to evaluate both structural
and mechanical properties of each Achilles tendon. An empirical damage model was adapted for
application to genetic variation and for use with image based structural properties to predict
tendon dynamic mechanical properties. We found that Achilles tendons lacking decorin and
biglycan had inferior mechanical and structural properties that were age dependent; and that
simple empirical models, based on previously described damage models, were predictive of
Achilles tendon dynamic modulus in both decorin- and biglycan-null mice.
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1. Introduction
Acute Achilles tendon injuries are estimated at 2.5 million per year in North America
(Suchak et al., 2005), with chronic pathology affecting 4% of the general population and
exceeding a 60% lifetime risk for certain athletic groups (Jarvinen et al., 2005). The primary
diagnosis of acute and chronic Achilles tendon pathology remains clinical, without the
benefit of quantitative metrics that would inform physicians about the risk of injury and
guide a return to activity (Chiodo et al., 2010). A better understanding of structure-function
relationships in the Achilles tendon will lead to a more complete understanding of Achilles
biomechanics and may provide opportunities to improve clinical care.

Author Manuscript

The class I small leucine-rich proteoglycans (SLRPs), decorin and biglycan, are expressed in
tendons (Corsi et al., 2002; Young et al., 2002; Ameye et al., 2002; Buckley et al., 2013a,
2013b, 2013c; Danielson et al., 1997; Iozzo, 1998). Both are secreted into the extracellular
space where they interact directly with collagen fibrils (Pogány and Vogel, 1992; Iozzo,
1998; Pogány et al., 1994), and contribute to developmental processes (Iozzo et al., 1999;
Dellett et al., 2012), particularly fibrillogenesis (Zhang et al., 2006; Vogel et al., 1984). In
decorin- and biglycan-null mouse models their absence has been shown to result in altered
tendon structure and mechanics (Young et al., 2002; Danielson et al., 1997; Robinson et al.,
2005; Dunkman et al., 2013a, 2013b; Buckley et al., 2013a, 2013b, 2013c; Dourte et al.,
2013). The role(s) of class I SLRPs in the Achilles tendon have not been defined. This
represents a gap in knowledge of tendon development, as well as in the relationships
between tendon structure and function.
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SLRPs have been shown to cause alterations in collagen fibril structure (Zhang et al., 2006;
Vogel et al., 1984; Dunkman et al., 2013a, 2013b). Therefore, utilizing decorin- and
biglycan-null tendons provides a model system to evaluate structure-function relationships.
In particular, collagen fiber alignment has been correlated with changes in mechanical
properties (Lake et al., 2009; Gimbel et al., 2004; Miller et al., 2012a, 2012b). Clinically,
shear wave elastography has demonstrated promise in directly measuring mechanics in vivo,
while high frequency ultrasound has demonstrated the ability to evaluate dynamically
responsive structural elements. Specifically, ultrasound has been established as a means of
measuring collagen fascicle alignment (Aubry et al., 2013; Chen et al., 2013; Riggin et al.,
2013). However, collagen fiber alignment has not been used to infer dynamic mechanical
properties that would be important in the clinical setting. Empirical models have proven
successful in extrapolating dynamic mechanical properties in the cases of damage (Sarah
Duenwald-Kuehl, 2012), aging and healing (Buckley et al., 2013a, 2013b, 2013c). However,
these models have not been extended for use with image-based inputs or applied to cases of
genetic variation. Application of empiric models, using structural or mechanical inputs, to
predict dynamic mechanical properties would afford an opportunity to infer clinically
meaningful data from measurements made with currently available technology.
The purpose of this study was to define the role of SLRPs in Achilles tendon biomechanics
and structure. In addition, previously described damage models (Buckley et al., 2013a,
2013b, 2013c; Sarah Duenwald-Kuehl, 2012) were explored in their ability to be extended
from aging and injury to modeling of genetic knockout of decorin and biglycan. In this
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study, mice lacking either decorin or biglycan, were used as models of altered tendon
structure and function (Robinson et al., 2005; Dunkman et al., 2013a, 2013b; Buckley et al.,
2013a, 2013b, 2013c; Dourte et al., 2013). The study tested the hypotheses that: (1)
knockout of class I SLRPs alters dynamic mechanics and failure loads; (2) collagen fiber
alignment is altered in class I SLRP-null Achilles tendons, with less collagen organization in
those lacking SLRPs; and (3) a previously described damage model could be extended in its
applications to include genetic variation using both mechanical and structural image-based
inputs.

2. Methods
2.1. Study design

Author Manuscript
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Wild type female C57BL/6 (WT), decorin-null (Dcn−/−) (Danielson et al., 1997), and
biglycan-null (Bgn−/−) (Xu et al., 1998) mice at maturity (P=150 days), middle (P=300
days), and old age (P=570 days) were used in this study (IACUC approved). WT mice were
obtained from Jackson Laboratories and housed at the University of Pennsylvania or
obtained already aged from the colony kept at the National Institute on Aging (Bethesda,
Maryland). SLRP-null mice were bred at the University of South Florida and shipped to the
University of Pennsylvania as described in previous studies (Dunkman et al., 2013a, 2013b;
Buckley et al., 2013a, 2013b, 2013c). Distinctions between mature, middle and old age were
based on the previously reported decline in mechanical properties in the patellar tendon
between 120 and 570 days (Dunkman et al., 2013a, 2013b). All Achilles tendons were
randomized, and, to minimize variation, a single dissector (author JAG) was blinded prior to
sample preparation. Briefly, the plantaris tendon was removed at its attachment, and nontendinous soft tissues were dissected away leaving the proximal Achilles tendon free and the
distal insertion intact. Cross-sectional area was measured, and tendons were secured using
sandpaper placed 5 mm proximal to the insertion in a manner similar to previously described
techniques (Buckley et al., 2013a, 2013b, 2013c). Verhoeff's stain was used to create stain
lines at 2 and 4 mm for optical strain measurement. The secured tendon was placed in a
custom fixture and loaded on an Instron 5848 Universal Testing system (Instron, Norwood,
MA). Gauge length was measured optically at preload prior to testing.
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Samples underwent a dynamic mechanical testing protocol as described previously
(Dunkman et al., 2013a, 2013b), consisting of (1) preloading to 0.05 N, (2) a
preconditioning cycle and (3) stress relaxation at 4%, 6% and 8% strain with a (4) sinusoidal
frequency sweep through 0.1, 1, 5, and 10 Hz after reaching the tendon's equilibrium stress
at each strain. (5) These steps were followed by a final quasi-static ramp to failure. Force
and displacement data were acquired at 1.67 kHz using WaveMaker software (Instron,
Norwood, MA) and analyzed using a MATLAB program (Mathworks, Natick, MA).
2.2. Imaging protocol
Alignment maps of the tendon were collected as described (Freedman et al., 2014). Briefly,
a custom- built polarized light and imaging system quantified collagen fiber alignment
during mechanical testing. The system consists of a linear backlight (Dolan-Jenner,
Boxborough, MA), rotating polarized sheets offset by 901 (Edmund Optics), and a camera.
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Custom software (National Instruments LabVIEW, Austin, TX) synchronized with analog
output signals from the Instron triggered alignment map image capture before and after
preconditioning, at the beginning and end of each stress relaxation, and during the quasistatic ramp to failure. To quantify collagen alignment from these images, the signal phase
and magnitude were determined to compute the circular standard deviation (CSD) and
apparent birefringence (Bapp) (Freedman et al., 2014). For each test, data was normalized to
a wave plate alignment map to control for ambient light intensity. All tendons were
examined after testing to determine the mode and region of failure.
2.3. Empirical modeling
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A strain-based damage model (Sarah Duenwald-Kuehl, 2012; Lemaitre, 1984) was recently
validated for aging and in vivo injury of the murine patellar tendon (Buckley et al., 2013a,
2013b, 2013c). Briefly, the premise of these models is that a tendon damaged by overstretch,
aging, or injury reacts to an applied strain as if the strain were lower (Buckley et al., 2013a,
2013b, 2013c). Thus, the damage-dependent effective strain follows the relationship,
εeffective =εapplied*(1–D), where 0<D<1 and D is a parameter representing the degree of
damage. For the undamaged condition, D=0. This definition was adapted for application to
genetic variation as well as with the use of image-based measures employed in predicting
dynamic mechanical properties. A mechanically based measure was initially used to validate
the utility of such models in the context of genetic variation. All models utilized data from
the middle age time point, to avoid the potential extremes of age. The damage parameter D
for mechanical property inputs was defined according to Eq. (1).
(1)

Author Manuscript

where σeq is the stress equilibrium following stress relaxation, in this instance specifically
the 6% strain case, and D is the damage parameter defined by the given equation.
A similar equation was created to adapt the model for use with calculated Bapp according to
Eq. (2).
(2)
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The remaining terms in our model were determined using power regression as previously
described (Buckley et al., 2013a, 2013b, 2013c). Similarly, data from the 6% strain, 1 Hz
portion of the testing protocol were used to define the coefficients for the power-law model
described by Eq. (3).
(3)

where |E*| is dynamic modulus and ni and Ai are defined through power regression. Only
mechanical properties with significant model fits were used in the analysis. It is noted that
the parameters Ai and ni do not correspond to physical tendon properties, rather they
J Biomech. Author manuscript; available in PMC 2016 July 16.
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describe how |E*| scales with its baseline values and the degree of damage (Buckley et al.,
2013a, 2013b, 2013c). In the model, |E*| was predicted for Dcn−/− tendons using model
parameters derived from Bgn−/− tendons.
2.4. Statistical evaluation
One way ANOVAs were used to determine significant differences across genotypes.
Significant relationships were evaluated with post-hoc Student's T-tests with Bonferroni
corrections (p<0.05/3 for each genotype). All significant differences were displayed in
figures as solid bars (p<0.0167), with trends indicated by dashed lines (p<0.033). Pearson's
coefficients of determination (R2) were determined for damage model fits and predictions of
dynamic mechanical properties. Power analysis was conducted prior to experimentation
based on previous studies (Dunkman et al., 2013a, 2013b) and determined that 12 tendons
were required for an α=0.05 and β=0.8.
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3. Results
A significant increase in the cross-sectional area of the Dcn−/− tendons was observed (Fig.
1A). Despite a larger cross-sectional area, the ultimate load at failure was significantly
reduced in the Dcn−/− tendons, and further reduced in the Bgn−/−tendons at maturity, middle
and old age (Fig. 1B). All tendon ruptures occurred at the insertion, except one that failed in
the midsubstance.
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Dynamic mechanical properties were altered for both the Dcn−/− and the Bgn−/−Achilles
tendons. WT tendons had a significantly higher |E*| at maturity and middle age, but the WT
|E*| was not different from that of Dcn−/−and Bgn−/−in old age (Figs. 2, S1). P570 WT
tendons had a negative percent change in |E*| (p<0.05) when compared to P150 tendons,
however this effect with aging was absent in Dcn−/−and Bgn−/−tendons (p40.05). Changes in
tanδ, a measure of phase shift related to viscous properties of a material, demonstrated
relationships that mirrored the findings for |E*| (Figs. 3, S2). Dcn−/−tendons were found to
have significantly greater viscous properties at maturity and middle age, and Bgn−/−tendons
demonstrated greater viscous properties at maturity when compared to WT tendons. There
were no significant differences in |E*| and tanδ between groups in old age.
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Significant differences in image-based measures of collagen fiber alignment were observed
between WT and both SLRP-null tendons. Bapp and CSD, both measures of collagen fiber
alignment, showed age-dependent genotypic variation in collagen organization at the
insertion (Figs. 4, S3). Overall, the Achilles tendons of WT mice showed greater
organization of fibers than those of both SLRP-null tendons. Additionally, data
demonstrated internal consistency in that collagen fiber organization responded
appropriately and consistently throughout dynamic testing, as reported from previous data
(Lake et al., 2010; Freedman et al., 2014).
Empirical modeling was effective in predicting changes in |E*| resulting from genetic
variation. When using equilibrium stress as an input to define the damage coefficient D,
there was moderate correlation between predicted and measured dynamic moduli at strains
of 4%, 6% and 8% strain (Table 1). Overall, with data pooled from different levels of strain,
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a moderate correlation between measured and predicted dynamic modulus (R2=0.66) was
observed when using stress equilibria as an input (Fig. 5A). This confirms the usefulness of
mathematical models in the evaluation of genetic variation. Image-based inputs used in this
model resulted in similar findings (Table 2), with slightly weaker, but still moderate,
coefficients of determination between predicted and measured |E*|. In this case, aggregate
data resulted in a coefficient of determination of R2=0.53, providing further support for the
use of structural measures as a valid input for modeling mechanical behavior (Fig. 5B).

4. Discussion

Author Manuscript

This study defines the mechanical and structural alterations observed with a deficiency of
SLRPs in the Achilles tendon. Using these mechanical and structural properties, we
successfully applied a simple damage model to predict the |E*| in Dcn−/−and Bgn−/−tendons.
Together, these data have potential implications for injury, evaluation and treatment of
Achilles tendons.
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The first hypothesis was confirmed; tendons deficient in decorin and biglycan had
significantly altered dynamic mechanics and failure loads. Inferior failure loads were present
in all age groups, thus identifying class I SLRPs as potential regulators of rupture risk. This
may have implications for tissue engineering and biologically based treatments. In addition,
the |E*| decreased in mature and middle aged Dcn−/− and Bgn−/− tendons, further
highlighting the role of class I SLRPs in viscoelastic properties (Dunkman et al., 2013a,
2013b). In previous work, hydrolysis of GAG chains with chondroitinase ABC did not alter
flexor carpi ulnaris tendon viscoelastic mechanical properties, but the absence of biglycan
did, in a region-specific manner (Buckley et al., 2013b). This may support a predominantly
developmental role for class I SLRPs in their effect on mechanical measures. This remains
consistent with our results and similar to results in Bgn−/− flexor digitorum longus tendons
(Robinson et al., 2005), however, additional work will be required to evaluate the timing and
mechanism of effect that class I SLRPs have on Achilles tendon mechanics. Other
heterogeneous mechanical alterations have been observed in Dcn−/− and Bgn−/− tendons,
however, despite consistency between tests of a given tendon type, their impact on
viscoelastic mechanical properties is tendon specific (Robinson et al., 2005; Dourte et al.,
2013; Buckley et al., 2013a, 2013b, 2013c). Although each specific tendon has a unique set
of characteristics, including specific loading environnements, intra- versus extra- synovial
anatomic position and altered surrounding anatomy, the specific reason for these differences
remains unknown. Regional distribution of SLRPs within tendons may play a role. Although
regional differences in proteoglycans and GAGs between tendons and within a single tendon
have been noted both biochemically and mechanically (Buckley et al., 2013a, 2013b, 2013c;
Matuszewski et al., 2012; Merrilees and Flint, 1980; Rigozzi et al., 2009; Thomopoulos et
al., 2003; Kilts et al., 2009), significant work is needed to fully characterize the significance
of these relationships.
As WT control tendons aged, their viscoelastic properties approached those of Dcn−/− and
Bgn−/− tendons. In old age, there were no statistical differences in any measure of
viscoelastic properties. This reaffirms previous findings that SLRPs may participate in the
aging process (Dunkman et al., 2013a, 2013b). Interestingly, differences in ultimate failure
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load between genotypes were preserved through old age. Future work is warranted to further
characterize the mechanical role of SLRPs in fatigue loading, and failure mechanics (Fessel
and Snedeker, 2011).
The second hypothesis was confirmed as significant differences in collagen fiber alignment
were observed between WT and SLRP-null tendons. Specifically, decreased collagen
organization existed as a result of the deficiency of decorin and biglycan, but this was only
detected at the middle age time point. The decrease in fiber alignment in the absence of
decorin or biglycan is consistent with the known increase in fiber heterogeneity during
fibrillogenesis resulting from congenital absence of class I SLRPs (Zhang et al., 2006;
Iozzo, 1998). Further characterization of this relationship may allow imaging techniques to
more precisely target the mechanically relevant aspects of structural measures.
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Genetic abnormalities and aging have been increasingly implicated in Achilles tendon injury
as well as other ligamentous and tendinous pathology (Laguette et al., 2011; Raleigh et al.,
2009; Magra and Maffulli, 2008; September et al., 2009). Here, we have been able to extend
the use of a simple damage model previously described for use in aged and damaged
tendons (Lemaitre, 1984; Buckley et al., 2013a, 2013b, 2013c; Sarah Duenwald-Kuehl,
2012). This model was validated in the case of genetic variation and with the use of imagebased inputs. These extensions of previous models are potentially applicable to patients with
genetic variation and also for use with image-based evaluation tools, such as ultrasound.
Previous studies have indicated that changes in viscoelastic properties resulting from aging
and injury were both well-described by this model suggesting that similar underlying
mechanisms may be at play (Buckley et al., 2013a, 2013b, 2013c). Based on this previously
described relationship (Buckley et al., 2013a, 2013b, 2013c), our data would support further
commonality between these conditions and genetic variation as explored in this study.
Findings support the use of the model non-specifically for genetic alteration, but further
validation with other mutations would strengthen these findings. These results support the
concept that many factors including age, genetic variance and degree of damage may alter
tendon function; with the effect of each predictable by modeling. Such models can be
powerful tools for extrapolation of mechanical behavior at levels that may otherwise
jeopardize the tendon with measures at, or near, rest.
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This study is not without limitations. First, the present study does not differentiate the
impact of SLRPS during development from their role at maturity. The contribution of
glycosaminogly-cans to viscoelastic mechanical properties in mature tendons has been the
topic of a long-standing debate (Lujan et al., 2009; Robinson et al., 2005; Fessel and
Snedeker, 2011, 2009; Screen et al., 2005; Buckley et al., 2013a, 2013b, 2013c). Studies
have shown little to no change in viscoelastic mechanical properties after GAG digestion
(Buckley et al., 2012; Screen et al., 2005; Fessel and Snedeker, 2011). The creation or use of
inducible knockouts at various points during development may address this question.
Further, our study did not explore the potential overlapping function of decorin and biglycan
where their effects have previously been observed to be additive (Corsi et al., 2002). Use of
double knockouts of decorin and biglycan, could address this issue.
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With regard to the application of our model to predict function, its simplicity helps to
identify basic mechanical properties and structural measures as important factors in dynamic
mechanical behavior, however there are multiple other unincorporated factors that are
known to alter these mechanical properties. Other contributors may include fibril continuity
(Provenzano and Vanderby, 2006), fibril sliding (Screen et al., 2005; Gupta et al., 2010),
GAG content (Ahmadzadeh et al., 2013), microstructural organization (Dunkman et al.,
2013a, 2013b; Morgan et al., 2006), tendon crimp (Legerlotz et al., 2014; Buckley et al.,
2013a, 2013b, 2013c) and other factors. Eventual models may aim to incorporate such
varied inputs through multivariate analysis able to more accurately predict behavior. Gender
has also been implicated in altering the mechanical and biological behavior of tendons
(Bryant et al., 2008; Kubo et al., 2003; Fletcher et al., 2013; Hansen and Kjaer, 2014), and
its influence on the differential effects of SLRPs will be a focus of future investigations.
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This study joins a body of work (Robinson et al., 2005; Buckley et al., 2013a, 2013b, 2013c;
Fessel and Snedeker, 2009, 2011; Dunkman et al., 2013a, 2013b) that supports a strong
developmental or homeostatic role for SLRPs. Future work is necessary to determine how
these proteins alter biological responses in the Achilles and may lead to a more fundamental
understanding of tendon structure-function relationships.
In conclusion, this study defined the roles of SLRPs in the Achilles tendon and used
mechanical and image-based structural metrics to predict dynamic mechanical properties.
These findings have implications for recent investigations of mechanical and image-based
analysis used to evaluate in vivo dynamic mechanical function.
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Fig. 1.

Author Manuscript

Tendon area and failure properties across genotypes and age. (A) Cross-sectional area was
significantly increased in Dcn−/−tendons at maturity (P=150) and middle age (P=300). This
difference was not observed in old age (P=570). (B) In Dcn−/−tendons, load at failure was
significantly (p<0.0167) reduced in middle and old age, but only demonstrated a trend
(p<0.033) toward reduction at maturity. Bgn−/−tendons demonstrated statistically (p<0.0167)
significant reductions at all ages. Bars indicate significant differences, dashed lines indicate
trends, and error bars indicate standard deviation.
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Dynamic modulus after stress relaxations tested at a frequency of 1 Hz and at 6% strain
(supplemental Fig. S1 includes data from frequency sweeps including 0.1, 1, 5 and 10 Hz at
4%, 6% and 8% strain). Dynamic modulus was reduced in Dcn−/−and Bgn−/−mice at
maturity (P=150). Reduction persisted through middle age (P=300) in both Dcn−/−and
Bgn−/−tendons, however no significant difference was observed in any of the tendons in old
age (P=570). Bars indicate significant differences (p<0.0167) and error bars indicate
standard deviation.

Author Manuscript
J Biomech. Author manuscript; available in PMC 2016 July 16.

Gordon et al.

Page 14

Author Manuscript
Author Manuscript
Fig. 3.

Author Manuscript

tan δ of Achilles tendon specimens after stress relaxations at 1 Hz and 6% strain
(supplemental Fig. S2 includes data from frequency sweeps including 0.1, 1, 5 and 10 Hz at
4%, 6% and 8% strain) from mice at maturity, middle, and old age. We observed a general
increase in tanδ for both Dcn−/−and Bgn−/− tendons in a strain and frequency dependent
manner. Again we observed a similar pattern in which differences found at maturity were
progressively extinguished during the aging process. Bgn−/−tendons were observed to have
increased tanδ at maturity, however this difference was extinguished more rapidly than with
Dcn−/−tendons, with no significant differences observed in middle age. Bars indicate
significant differences (p<0.0167), dashed lines indicate trends (p<0.033), and error bars
indicate standard deviation.
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The apparent birefringence (Bapp) measured at maturity, middle and old age during stress
relaxations at 6% strain. Bapp measured at the insertion was found to be significantly
increased in WT tendons at middle age but not at maturity or in old age. This response was
generally true at other strains evaluated (Fig. S3). Bars indicate significant differences
(p<0.0167) and error bars indicate standard deviation.
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Predictions of the dynamic modulus using empirical modeling. (A) The predicted dynamic
modulus, |E*|, using the ratio of damaged to undamaged equilibrium stress at 6% strain for
the damage coefficient, D, had a moderate coefficient of determination (R2=0.66) to the
experimentally measured |E*|. (B) The predicted dynamic modulus, |E*|, using the ratio of
damaged to undamaged apparent birefringence, Bapp at 6% strain for the damage coefficient,
D, had a moderate coefficient of determination (R2=0.53) to the experimentally measured |
E*|. Red circles represent 4% strain, green triangles represent 6% strain, and blue squares
represent 8% strain. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Coefficients of determination and p-values for prediction of dynamic moduli using stress equilibrium at 6%
strain as input, and reported separately for stress relaxations at 4%, 6% and 8% strain, for Dcn−/− tendons
using model parameters derived from Bgn−/− tendons. We observed statistically significant correlation when
comparing measured vs. predicted dynamic modulus, |E*|, at 6% and 8% strain.
Parameter

Strain

R2

p

|E*|

4%

0.40

0.05

6%

0.80

< 0.01

8%

0.64

< 0.01

All

0.66

< 0.01
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Coefficients of determination and p values for prediction of dynamic moduli using birefringence (Bapp) as
input, and reported separately for stress relaxations at 4%, 6% and 8% strain, for Dcn−/− tendons using model
parameters derived from Bgn−/− tendons. We observed statistically significant correlation when comparing
measured vs. predicted dynamic modulus, |E*|, at 6% and 8% strain.
Parameter

Strain

R2

p

|E*|

4%

0.32

0.09

6%

0.47

0.03

8%

0.48

0.03

All

0.53

<0.01
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